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Natural Product-Based Drug
Discovery - Epothilones as Lead
Structures for the Discovery of
New Anticancer Agents
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Abstract: Epothilones are microtubule depolymerization inhibitors, which inhibit the growth of a broad range of hu-
man cancer cell lines in vitro with low nM or sub-nM ICgs. Unlike other cytotoxic anticancer agents, epothilones
are also active in vitro against multidrug-resistant cell lines and they inhibit the growth of multidrug-resistant tu-
mors in vivo. In order to further our understanding of the structural requirements for biological activity and, ulti-
mately, to identify new microtubule-stabilizing agents with improved overall properties, we have investigated the
biological activity of a variety of structurally modified epothilone analogs. This report will focus on two selected as-
pects of our SAR work, namely (1) the synthesis and biological characterization of a series of 12-aza epothilones
and (2) analogs with a conformationally constrained side-chain. Several of these structures exhibit potent in vitro
antiproliferative activity, and thus may be interesting candidates for further profiling in tumor models and perhaps

for the development of improved clinical candidates.
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1. Introduction and Background

Cancer represents one of the most severe
health problems worldwide and the devel-
opment of new anticancer drugs and more
effective treatment strategies are fields of
utmost importance in drug discovery and
clinical therapy. While much of this re-
search is currently focused on cancer-spe-
cific mechanisms and the corresponding
molecular targets (e.g. kinases related to
cell cycle progression or signal transduc-
tion) [1], the search for improved cytotoxic
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agents (acting on ubiquitous targets such as
DNA or tubulin) still represents an impor-
tant aspect of modern anticancer drug dis-
covery. As the major types of solid human
tumors (breast, lung, prostate, and colon),
which constitute the vast majority of cancer
cases today, are multi-causal in nature,
thereisagrowing recognition that the treat-
ment of solid tumors with ‘mechanism-
based’ agents alone is unlikely to be suc-
cessful in a general sense. Instead, im-
proved treatment strategies are likely to
involve combinations of eg. signa trans-
duction inhibitors with new and better cyto-
toxic drugs.

Microtubuleinhibitors constitute an im-
portant group of cytotoxic anticancer drugs
[2], with clinical applications in the treat-
ment of a variety of cancer types, either as
single agents or as part of different combi-
nation regimens [3]. Microtubule-interact-
ing agents can be subdivided into two
mechanisticaly distinct classes, namely
compounds which inhibit the assembly of
tubulin  heterodimers into microtubule
polymers (‘tubulin polymerization in-
hibitors’) and those which stabilize micro-
tubules under normally destabilizing condi-
tions (‘microtubule stabilizers’) [4]. The

latter will also promote the assembly of
tubulin  heterodimers into microtubule
polymers. While tubulin polymerization in-
hibitors such as vincristine and vinblastine
were introduced into clinical cancer thera-
py aready forty yearsago, microtubul e-sta-
bilizing agents have only been in clinical
use for little more than a decade. The first
agent of this type to obtain FDA approval
was paclitaxel (Taxol®) in 1992, which was
followed by its closely related analog doc-
etaxel (Taxotere®) in 1996 and the emer-
gence of microtubule-stabilizing anticancer
drugsclearly marksasignificant advancein
cancer chemotherapy [5].

Historically more than a decade passed
after the elucidation of paclitaxel’s mode of
actionin 1979 [6] before aternative micro-
tubule-stahilizing agents were discovered,
bearing no structural resemblance to pacli-
taxel or other taxanes. Most prominent
among these new microtubule stabilizersis
a group of bacteria-derived macrolides,
which were discovered in 1993 by Rei-
chenbach and Hofle and have been termed
‘epothilones’ by their discoverers (Fig. 1)

.Although not immediately recognized,
these compounds were subsequently
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R = H: Epothilone A
R = CHj;: Epothilone B

o 6H O
R = H: Epothilone C (Deoxyepothilone A)
R = CHj;: Epothilone D (Deoxyepothilone B)

Fig. 1. Structures of epothilones A-D

Table 1. Induction of tubulin polymerization and growth inhibition of human carcinoma cell lines by

epothilones A-D and paclitaxel.

%Tubulin
Polymerization® ©

Epo A 69
Epo B 90
Epo C 50
Epo D 93
Paclitaxel 49

IC5, KB-31 IC5, KB-8511
[nM]°: © [nM]P: ©
2.10 1.89
0.19 0.19
25 64
2.70 1.44
2.31 531

8nduction of polymerization of porcine brain microtubule protein by 2 uM of test compound
relative to the effect of 25 uM of Epo B, which gave maximal polymerization (85% of protein
input). bIC50—vaIues for growth inhibition of human epidermoid carcinoma cell lines KB-31 and
KB-8511. KB-8511 is a P-gp-overexpressing multidrug-resistant subline of the KB-31 parental
line. Values represent means of at least three independent experiments. ¢Data from [14].

demonstrated by a group at Merck Re-
search Laboratories to possess a paclitaxel-
like mechanism of action [8]. Apart from
epothilones a growing number of addition-
a natural products have been recognized
over the last few years to be microtubule
stabilizers, thus providing a whole new set
of diverse lead structures for anticancer
drug discovery (for a recent review [9]). It
is interesting to note in this context that a
number of small synthetic molecules are
known which act as efficient tubulin
polymerization inhibitors [10], but that
al potent microtubule-stabilizing agents
identified to date are natural products or
natural product-derived [9].

Due to suppression of microtubule dy-
namics [11], low nM concentrations of
epothilones cause aberrant mitotic spindle
formation [8][12], resulting in cell cycle ar-
rest in mitosis and subsequent apoptotic cell
death. As a consegquence Epo A and B in-
hibit the proliferation of abroad range of hu-
man cancer cell linesin vitro with nM (Epo
A) or even sub-nM (Epo B) IC;,s (Table 1).

In contrast to paclitaxel, epothilones are
potent growth inhibitors of drug-sensitive
as well as multidrug-resistant cancer cell
lines (Table 1) [8][12][13] and they have
been shown to be activein vitro against cell
lines whose paclitaxel-resistance is derived

from specific tubulin mutations[12][15]. In
addition, Epo B and anumber of itsanalogs
have been demonstrated to possess potent
in vivo antitumor activity (reviewed e.g. in
[16-18]) and at | east five compounds of this
classare currently undergoing clinical eval-
uation in humans. These include Epo B it-
self (Novartis), Epo D (Kos-862; Sloan-
Kettering Cancer Center/Kosan), BMS
247550 (the lactam analog of Epo B;
Bristol-Myers-Squibb), BMS-310705
(C21-amino-Epo B; Bristol-Myers-Squibb)
and ABJB79 (C20-desmethyl-C20-methyl-
sulfanyl-Epo B; Novartis) [17][18].

Unlike the situation with paclitaxel,
where apractical synthesisclearly was (and
still is) out of reach, numeroustotal synthe-
ses of epothilones have been published in
the literature since the first disclosure of
their absolute stereochemistry in 1996 [19]
(reviewed in [20-23]). At the same time,
and perhaps more importantly, the method-
ology developed for the synthesis of the
natural products has provided the basis for
the generation of ahost of synthetic analogs
on a scale sufficient for extensive in vitro
profiling and SAR studies (reviewed in
[13][14][16-18][20-23]). In addition, even
the large-scale production of such com-
pounds for clinical studies is likely to be
feasible [21][24].
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This account will focus on some sel ect-
ed aspects of our own synthetic work on
epothilone analogs and the associated SAR
studies. Apart from trying to contribute to a
better general understanding of the struc-
tural requirements for biological activity,
the ultimategoal of thisresearchistheiden-
tification of improved microtubul e-stabiliz-
ing agents. Within this context, one partic-
ular objective of our work was (and still is)
the discovery of alternative structural scaf-
folds with potent antiproliferative activity
through extensive alteration (and simulta-
neous simplification) of the natural
epothilone templ ate.

2. Synthesis of Epothilone Analogs
and SAR Studies

2.1. 12-Aza-Epothilones

Our early SAR work on modified
epothilones was guided by the potent bio-
logical activity associated with the deoxy-
epothilone structural framework (Fig. 1),
which had been established through the
work of Danishefsky and Nicolaou
[25-28]. Thus, Epo C and D are virtualy
equipotent inducers of tubulin polymeriza-
tion in vitro as the corresponding parent
epoxides and their antiproliferative activity
iswithin a5-30-fold range of that of Epo A
and B, respectively. Based on this obser-
vation we hypothesized that epothilone
analogs incorporating C(12)-N(13)-alky!
amide groups (1; Scheme 1), would exhibit
potencies comparable to that of Epo D due
to similar conformations of the macrocycle
in both cases (assuming a preference of the
C—N partial double bond for a cis confor-
mation). At the same time these polar
double-bond substitutes were expected to
result in improved agueous solubility over
the very lipophilic Epo D.

As schematically illustrated in Scheme
1, the key intermediate in the synthesis of
these amide-based anal ogs as well as many
other types of analogs investigated in our
laboratory is the C(1)-C(11) fragment 5
[29]. As exemplified in Scheme 2 for
methyl amide-based analog 1a, 5 could be
readily elaborated into target structures 1
through functional group transformation,
amide coupling and macrolactonization
(Scheme 2).

Unfortunately, compound 1a and relat-
ed analogs were found to lack any tubulin
polymerizing or antiproliferative activity
(ICg, vaues for growth inhibition were be-
tween 5 and 10 uM) [30], in spite of thefact
that NMR studies with 1a in DM SO/water
mixtures indicated that the preferred con-
formation about the 12/13 N-methyl amide
bond is indeed cis, i.e. with the methyl
group and the carbony! oxygen on the same
side of the partial C-N double bond
(cisltrans ratio ~4:1)). The underlying rea-
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Scheme 1. Target structures accessible through intermediate 5. (trans-Epothilone A 3 is not discus-

sed in this paper [29]).

Scheme 2. i. Mes-Cl, Et;N, CH,Cl,, 0 °C, 1 h, 91%. ii. CH3NH,, MeOH, 50 °C, 4 h. iii. 6, DCC, HOB,
DIEA, DMF, 28% (2 steps). iv. NaOH, MeOH/H,0, 58%. v. 2,4,6-Cl,C;H,C(O)ClI, Et;N, DMAP, THF/to-

luene, 15 min, 60%. vi. HFxpyridine, THF, RT, 26 h, 90%.

Scheme 3. i. Mes-Cl, Et;N, CH,Cl,, 0 °C, 1h, 91%. ii. 8, MeOH, 70 °C, 24h, 30%. iii. BOC,0, Et;N,
CH,Cl,, RT, 2h, 49%. iv. LiOH (6 equiv.), i-PrOH/H,0 4:1, 55 °C, 16h, 83%. v. a. 2,4,6-Cl;CzH,C(O)Cl,
Et;N, THF, 0 °C, 15 min; b. dilute with toluene, add to solution of DMAP in toluene, 75 °C, 3 h, 90%.

vi. HFxpyridine, THF, RT, 17 h, 22%.

Table 2. Induction of tubulin polymerization and growth inhibition of human carcinoma cell lines by

12-aza-epothilones 2

Compound

2a
2b
2c
2d
2e
2f
2g
2h

8nduction of polymerization of porcine brain microtubule protein by 5 uM of test compound relative
to the effect of 25 uM of Epo B, which gave maximal polymerization (85% of protein input). bICsO—
values for growth inhibition of human epidermoid carcinoma cell lines KB-31 and KB-8511. Values

O-tert.-C,Hq
OCH,Ph
OC,H;
O-iso-C,Hq
CH,4
CoHsg
tert.-C,Hq
CgHs

% Tubulin
Polymerization?

27
<10

17
<10
<10
<10
<10
<10

ICy, KB-31
[nM]P
31
297
85
297
116
71
206
>1000

IC5, KB-8511
[nM°
105
703
465
737
ND®

1352
>1000
>1000

generally represent the average of two independent experiments. °Not determined.
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sonsfor the lack of biological activity of 1a
and related anal ogs have not been elucidat-
ed, but subsequent data obtained for other
(non amide-based) structures suggested
that increasing the steric bulk at C(13) was
generally associated with a significant de-
crease in potency. In light of these findings,
we decided to continue exploration of the
potential utility of nitrogen incorporation at
position 12 of the macrocycle as a func-
tional handle for further substitution with-
out concomitant modification of C(13). At
the most straightforward level this ap-
proach involved simple acylation of the
12-nitrogen atom, thus leading to amide-
and carbamate-based analogs of type 2
(Scheme 1), whose carbonyl oxygen could
potentially assume the role of the epoxide
oxygen in natura epothilones. The synthe-
sis of these analogs is exemplified in
Scheme 3 for a compound incorporating a
BOC-protecting group on N(12) (2a). Re-
moval of the BOC-group from 2a gave the
free amine, which was converted to a series
of other analogs 2b—2h (Table 2) by acyla-
tion with the respective acid chlorides or
chloroformates.

These compounds were tested for their
ability to promote the polymerization of
tubulin in vitro, a parameter which is fre-
guently used as an indirect measure for the
microtubule-stabilizing potency of micro-
tubule-stabilizing agents (vide supra). At
the same time the antiproliferative activity
of compounds 2a—2h was assessed against
the human epidermoid cancer cell lines
KB-31and KB-8511 (Table 2), which serve
asrepresentative examples of drug sensitive
and phosphoglycoprotein-170 (P-gp) over-
expressing, multidrug-resistant human can-
cer cell lines, respectively (e.g. [13][14]).

Asillustrated by the datasummarizedin
Table 2, compounds of type 2, although less
active inhibitors of cancer cell growth than
Epo A or B, can indeed be potent antipro-
liferative agents. Interestingly, however,
some of these analogs are significantly less
active against the multidrug-resistant KB-
8511 line than the drug-sensitive KB-31
parental line, thus indicating that com-
pounds 2 are better P-gp substrates than
natural epothilones. The structural basisfor
this phenomenon is not understood at this
point, but the finding is in line with a more
general tendency for polar epothilone
analogs (eg. compounds incorporating
amide bonds or additional hydroxyl
groups) to exhibit increased resistance
factorsin the KB-31/KB-8511 cell line pair
(i.e. increased ratios of 1C5, (KB-
8511)/ICy, (KB-31); M. Wartmann, K.-H.
Altmann, unpublished observations). The
most interesting of the compounds includ-
edinTable2isanalog 2a, whichisonly ca.
15-fold less active against the drug-sensi-
tiveKB-31 linethan EpoA (and thusrough-
ly equipotent with Epo C) and is character-
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ized by an only modest resistance factor of
~3. This analog also shows measurable in-
duction of tubulin polymerization in vitro,
but it remains to be determined whether the
antiproliferative activity of 2a is mainly
related to interference with microtubule
functionality or whether other/additional
mechanisms may also be operative.

2.2. Conformationally Constrained
Analogs

A significant part of our analog program
was directed at side-chain modified analogs
of epothilones. Apart from more convention-
a structuresincorporating an olefinic double
bond as a linker between the macrolactone
ring and different types of heterocycles[31],
we have also studied a more significantly
modified family of analogs, which are char-
acterized by the rigidization of the hetero-
cycle-bearing side-chain (Fig. 2) [32]. The
design of these compounds was guided by
preliminary NMR data on the bioactive
(tubulin-bound) conformation of Epo A,
which indicated that the C(16)/C(17) double
bond and the aromatic C(18)-N bond were
present in a transoid arrangement (corre-
sponding to a ~180° C(16)-C(17)-C(18)-
N(22) torsion angle). (These data have
subsequently been consolidated and have
recently appeared in the literature [33]).

The synthesis of this new type of side-
chain modified Epo B and D analogsis ex-
emplified in Scheme 4 for the quinoline-
based structure 4b.

Key steps in the construction of this
molecule includes (i) the Pd(0)-catalyzed
Suzuki-type coupling between 10 and
olefin 5 to establish the C(11)/C(12) bond
in 60% yield, (ii) Yamaguchi-type macro-
lactonization of the seco-acid derived from
11 by ester saponification and selective
removal of the C(15)-OTBS-protecting
group, and (iii) epoxidation of deoxy-4b
(Fig. 2) with MeReO,. Epoxidation pro-
ceeded with ca. 6:1 selectivity, but was
dlightly complicated by the fact that N-oxi-
dation of the quinoline nucleus proceeded
faster than epoxidation of the double bond.
However, this problem was readily over-
come through deliberate double oxidation
of deoxy-4b and subsequent selective re-
duction of the N-oxide by means of Ra-Ni
to provide the desired Epo B analog 4b in a
(non-optimized) 37% yield for the two-step
sequence from deoxy-4b [32].

Epothilone  analogs  4al/deoxy-4a,
4b/deoxy-4b, and 4c/deoxy-4c are general -
ly more potent inhibitors of human cancer
cell proliferation than the respective parent
compounds Epo B/Epo D (Table 3). Theac-
tivity increase is more pronounced for
analogs of the deoxy-type, which can be
>10-fold more potent antiproliferative
agents than Epo D (deoxy-4c); in addition,
these compounds are clearly more potent
than (epoxide-based) Epo A.
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HO

OH O

o) éH o) 0

R =CHj;; X =S: Deoxy-4a R=CH;; X=S:4a
R =H; X = CH=CH: Deoxy-4b R =H; X=CH=CH: 4b
R = CHj;; X = N(CHj;): Deoxy-4¢ R = CHj;; X = N(CHj;): 4¢

Fig. 2. Conformationally constrained side-chain modified analogs of epothilones

ii - vii

Scheme 4. i. a. Olefin 5 (1.25 equiv), 9-BBN, THF, RT, 4 h; b. add to mixture of Cs,CO; (1.5 equiv.),
PdCl,(dppf), (0.1 equiv.), PhsAs (0.2 equiv.), vinyl iodide 10 (1 equiv.), DMF, =10 °C—RT, 16 h, 90%.
ii. LIOH (6 equiv.), i-PrOH/H,0 4:1, 50 °C, 7 h, 84%. iii. TBAF (3 equiv.), THF, RT, 18 h, 84%. iv. a.
2,4,6-Cl,C¢H,C(O)CI, EtgN, THF, 0°, 15 min; b. dilute with toluene, add to solution of DMAP in toluene,
75 °C, 3 h, 70%. v. HFxpyridine, THF, RT, 17 h, 73%. vi. MeReO,, H,0,, pyridine, CH,Cl,, RT, 17 h.

vii. H,, Ra-Ni, EtOH, RT, 37% (2 steps).

Table 3. Growth inhibition of the human epidermoid cancer cell lines KB-31 and KB-8511 by side-
chain modified epothilone analogs 4 and deoxy-4.2:b

Compound Cell line
KB-31 KB-8511
Epo D 2.70 1.44
Deoxy-4a 0.45 0.23
Deoxy-4b 0.59 0.38
Deoxy-4c 0.21 0.73

Compound Cell line
KB-31 KB-8511
Epo B 0.19 0.18
4a 0.13 0.09
4b 0.11 0.10
4c 0.14 0.38

3For structures see Fig. 2. °IC-values for growth inhibition of human epidermoid carcinoma cell
lines KB-31 and KB-8511. Values represent means of at least three independent experiments.

(Data from [32]).

Thisisanintriguing finding, asonly few
other madifications have been described in
the literature, which lead to analogs with
enhanced in vitro activity over natural
epothilones (for arecent example[34]). In-
terestingly, however, the observed increase
inantiproliferative activity doesnot seemto
be a consequence of more effective interac-
tionswith tubulin (data not shown), but may
rather be related to parameters such as cell
penetration or intracellular accumulation.
Given the fact that Epo D is currently un-
dergoing phase Il clinical trials, the im-
proved antiproliferative activity of analogs
deoxy-4a, -4b, and -4c could make these
compounds interesting candidates for fur-
ther devel opment.

3. Conclusions

Examples described in this paper
demonstrate that epothilone analogs with
significant alterations to the natural struc-
tural scaffold can still retain profound bio-
logical activity invitro. Futurework will fo-
cus on the in vivo evaluation of selected
compounds as well asthe design of ssimpli-
fied analogs incorporating even more radi-
cal deviations from the lead structures Epo
A and B. The overall pharmacological pro-
file of such compounds may be distinctly
different fromthat of the natural productsor
closely related analogs and ideally these
changes would translate into improved
therapeutic utility (i.e. a broader therapeu-
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tic window). Whether or not this will be
true, and if so, for which cases, can only be
determined experimentally and ultimately
will require the clinical evaluation of such
compounds in humans.
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